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FLIGHT INVESTIGATION AT HIGH SPEEDS OF FLOW CONDITIONS
OVER AN ATRPLANE WING AS INDICATED BY SURFACE TUPTS
By Clotaire Wood and John A. Zaloveclk

SUMMARY

Flight tests were made at high speeds with a
P-L47D airplane to determine the flow characteristics,
as Indicated by wool tufts, on a section of the upper
surface of the wing. Thke behavlor of the tufts, which
were distrlbuted over a sactlon of the wing from 3G.5
to 52.5 percent semlspan, was determlned from motion
plctures. The tests were made in stralght flight and
in turns under condltions in which alrplene 1lift coef-
ficients from 0.1C0 to 0.5l and airplane Mach numbers
from 0,58 to 0.78 were obtained.

The results of the tests 1ndlcated that the flow
remained smooth over the test panel untll the critical
Mach number of the panel was exceeded by 0.08 at a
1ift coefficlent of 0.10 and by 0.05 at a 1lif't coeffl-
clent of 0.50. Beyond these Mach numbers, the tufts
indlcated unsteadiness of flow and, finally, local
separatlion when the Mach number exceeded the critlcal
value by 0.15 at a 1lift coefflclent of 0.10 and by C.10
at a 11ft coefflclent of 0.50. The region of senarated
flow origlinated 1n the nelgzhborhood of 30 psrcent chord
at high 11ft coefflclients and h5 rercent chord at low
11ft coeffliclents. Separatlion appeared to extend over
not more than 15 percent chord.

INTRODUCTION

In the course of fllght tests made to determine the
profile-drag characteristics of the wing of a P-LL7D air-
plane, a few wool tufts were fastened to the wing surface
to permlt visual observation of the direction of flow in
the boundary layer. The behavlior of the tufts at high
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speeds 1ndicated disturbences in the flow over the wing,
apparently associated wlth compressibility effects, and
suggested that tuft observations might provide interesting
information on flow phenomena at high speeds. A more
complete tuft Ilnstallation was thereforse made over a
sectlon of the wing surface between 39.5 and 52.5 percent
semlspan from the plane of symmetry. The tufts were photo-
graphed during flight at high spseds. The tests were

made in stralght flight and in turns under condlitions in
which airplane 1ift coefficlents from 0.10 to 0.5, and
airplane Mach numbers from 0.53 to 0.78 were obtained,

The flow conditlons 1lndlcated by the behavior of the

tufts are presented gravhlcally herein for a few typical
flight conditions and are correlated with the flight
condlitlons,

APPARATUS AND TESTS

Tufts were located cn the upner surface of the
right wing of a P-l7D alrplane ({ig. 1) at four span-
wlise stations: 39.5, L3.5, 46, and 52.5 percent semi-
span from the plane of symmnetry (fig., 2). The tufts
conslsted of strands of white wool yarn arranged in
chordwise rows with each row attached to the surface
by & continuous strip of black "Scotch" cellulose tape.
Spanwlse chalk lines wore drawn on the surface of tlLe
wing at intervals of 10 percent chord, and sach line
was ldentifled by a number beginning with 1 at the
10~mercent~chord stetlion and continuing throuzh 7 at
the 70-percent-chord station (fig. 3).

Te wing of the P-47D alrplane incornorates
Renublic S~3 airfoll sectlons, which have pressure
distributions similar to those of the NACA 230-series
sectlions. The aversge chord of the test panel was
about 96 inches and the average thickness was about
12.6 percent chord.

The behavior of the tufts durlng the tests was
photograpred with a lé-millimeter motion-picture camera
onz2rating at a spsed of anproximately 32 frames per
second. Measurements of normal acceleration and free-
stream impact pressure were recorded by means of
NACA recording instruments. The altitude of the tests,
indicated by an altimeter In the cockplt, was noted by
the pilot.



NACA CB No. L5E22 JE— 5

The tegts were made in stral;ht flight and in turns
12 to h%g' “at-en-altitude. of 20,000 fest snd at

ihdicated alraspeeds from 315 to ;08 miles per hour.
The airplane Mach numbers ranged from 0.58 to 0.78, and
the airplane 11ft coefficlents ranged from 0.10 to 0.5.4.

PRESENTATION OF RESULTS

An enlargement of one frame of the motlon-plcture
f1lm taken during flight 1s shown as figure l.. The
quality of the ohotosrarhs was, in general, too poor to
parmit satlisfactory reproductlion in this form; in fig-
ures 5 to 8, therefore, sketshes based on the original
photographs are used to i1llustrate, for a few typlcal
flighkt conditions, the flow conditions Indicated by the
tufts. The flow cornditlions for varlicus alrplane 1ift
coefficients at constant airplane ilauch numbers of 0.69
and 0.71 are shown in flgures 5 znd 6, respectively; the
flow condltions for varlous alrplane Mach numbers at
constant eirmlaone 1ift coefficients of 0.13 and 0.43% are
shown in figures 7 and 3, resmectively. mmasmuch as the
fiold of the camera covered only the forwurd 70 to
80 percent chord, the flow conditions downstroum of
this region are not lkmown.,

Th» flow condltlions indicated =y the tufts at
various lift coefficlents and lach numbers are sunmarized
In figure 9. The internretation of the behavior of the
tufts is as follows: Tults 1lying stralght back and
motionless indicate smooth flow, tufts osclllating
laterally indlcate unsteady flow, and tufts "Iflopping"
around lelsurely or lying curved on the surface 1lndicate
flow separation. (Compare figs. i and 6(d).)

The critlcal YMach number N,, of wing sections

at 25 and 63 percent semlspan and the Mach number at
whick shock was first evident in the wake at 63 percent
semispan were determined from the results (unpublished)
of other tests of the P-47D airplane snd are compared
in figure 10 with the Mach numbers at which flow dis-
turbance and flow separatlion were first indlcated in
the present tests. (Wing stations in figs. 10 and 11
are designated 2y/b, whers 7y 1s the distance of the
wing station from the plane of symmetry and b 1s the
wing span.) The determination of the critical Mach
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rnumbers 1lnvolved extrapolatlon, by the wvon Kermén method,
of pressure-distribution data obtailned at Mach numbers
0.02 to 0.06 less than the critical value. The sirplane
1ift coefficlents were correspondingly modifled by means
of the Prandtl-Glauert relatlon. The pressure-
¢istribution measurements were obtalned with statlc-
pressurs tubes and therefore, according to the results
of reference 1, the criticel Mach numbers maey be as
much as 0.01 higher than would have been obtalned

from pressure measurements with flush crifices. The
critical Mach number at }}j6 percent semisvan, which is
the center llne of the test panel, was obtalnsd by
linear lnterpolation between the critical Mach numbers
at 25 and 63 percent semlspan.

A comparlison 1s made in figure 11 cf thke flow
kehavior and the critical Mech number cbtalned in
flight and in the Ames li-fcot high-speed tunael on a
0.3-scale model of the P-47D airplane (reference 2).
The comparison of flow charsacteristiecs 1s riade on the
assumption that tuft behavior 1s Interpreted in the same
way in the wind tunnel and in flight. The critical Mach
number shovn for the wlnd-tunnei tests was determlned
from pressure-distributlon measurements made with flush
orifices at L1 percent semispan.

DISCUSSION Of RESULTS

The sketches of figures 5 to § show thet, as Mach
number or 1ift coefficlent incrsassd, the flow Iirst
became unsteady over a small chordwlse rezlon; thils
reglon then became more extenslve, and finally local
separation occurred. The reglon of seperated flow
originated in the nelghborhcod of 3J percent chord at
high 1ift coefficlents and L5 percent chord at low 1lift
coeffliclents. The reglon of separation aspeared to
extend over not more than 15 psrcent chord end was
Tollowed by & rsglon of unsteady flow beyond whlch the
flow again was steady.

Three distinct reglmes of flow are evident 1n
flgure 9. At a 1ift coefficlent of 0,10, the flow
remained smooth up to a Mach number of 0.73; beycnd
this Mach number, the flow was unsteady and local flow
separatlion occurred at a Mach number of 0.77. At a
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11ft coefficient of 0.50, the flow remained smooth up

to a Mach number of 0.62 and local flow separation
occurred at a Mach number of 0,67. Comparisond of these '
results with the critical Mach number 1in figure 10
Indilcates that the flow remalned smooth untll the
eritical Mach number was exceeded by 0.05 to 0.08,
depending on 11ft coefflclent., Local separation of

flow occurred when the critical Mach number was exceeded
by 0.10 to 0.13. The Mach number at which compressibility
shock was first evident in the wake at 63 percent seml-
span was apparently exceeded by 0,05 to 0.08 before
local flow separation occurred,

The comparlison in figure 11 of flight and wind-
tunnel results indicates that the critical Mach number
was 0,03 to 0.04 higher, depsnding on lift coefficlent,
in the fllght tests than in the tests of the 0.3-scale
model of the P-4 7D airplane 1in the Ames 16-foot high-
speed tunnel. The Mach number at which local separation
occurred was 0.02 higher in flight than in the tunnsl.
The flight and tunnel results are therefore in good
agreement,

CONCLIIDING REMARXS

Flight tests made at high sneeds with a P-I'7D air-
vlane to determine the flow characteristlcs, as indicated
by wool tufts attached to a ssction of the urper surface
of the wing, showed trat the flow remained smooth until
the critlcal Mach number of the wing section was exceeded
by 0,08 at a 1ift coefficient of 0.10 and by 0.05 at a
11ft coefficlent of 0.50. Beyond these Mach numbers,
the tufts indicated unsteadiness of flow and, finally,
local saparation when the Mach number exceeded the critlcal
value by 0.13 at a 1l1ft coefficient of 0.10 and by 0.10
et a 1lift coefficlant of 0.50. The region of separated
flow originated 1n the nelghborhood of 30 nercent chord
at high 1ict coetficients and L5 percent chord at low
1ift coefflcients. The reglon of separation appeared
to extend over not more than 15 percent chord. Com-
parison of these results with results obtalned in the
Ames 16-foot high-speed tunnel on a 0,%<scale model of
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the P-47D airplene indicated good agreement between the
flight and tunnel results.

Langley Memorlal Aeronautlical Laboratory
National Advisory Commlttee for Aeronautlcs
Langley Fleld, Va.
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Figure l.- Republic P-47D airplane used for tuft surveys.
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Figure 2. - Plan view of Republic P-47D airplane showing
spanwise location of tufts,
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Figure 3.- Test panel on right wing of Republic P-47D
airplane, showing rows of tufts at 39.5, 43.5, 48,
and 52.5 percent semispan. Numbers identify span-
wise lines at intervals of 10 percent chord.
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Figure 4.- Photograph showing tuft behavior at
an airplane 1lift coefficient of 0.49 and at
an airplane Mach number of 0.71.
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Figure 5- Flow conditions at test section

for an airplane Mach number of O.69.
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Fc’gure 5.~ Concluded.
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Figure-7— Flow conditions at test sectiorn for an
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Figure 8— [low conditions at test section For
an airplane lift coefficient of O.43.
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